Introduction: Vascular surgery patients have multiple risk factors for renal dysfunction, but acute kidney injury (AKI) is poorly studied in this group. The purpose of this study was to define the incidence, risk factors, and outcomes of AKI in high-risk vascular patients.
INTRODUCTION
Acute kidney injury (AKI, characterized by a serum creatinine 50% above baseline or oliguria) is a common perioperative complication in surgical patients (1) (2) (3) (4) , and is among the most frequent forms of organ dysfunction among the critically ill (5-7). For surgical patients, AKI is associated with substantially worse outcomes, including longer inpatient lengths of stay and increased short-and long-term mortality (1) (2) (3) (4) 8) . Although morbidity and mortality is highest for patients with severe renal dysfunction (3, (9) (10) (11) , even transient and relatively minor increases in serum creatinine are associated with worse outcomes (1, (11) (12) (13) (14) (15) .
Vascular surgery patients have unique risk factors for AKI. High-risk comorbidities such as diabetes, hypertension, and tobacco use are common among vascular patients (15) (16) (17) , and aortic cross-clamping, contrast-induced nephropathy, and cholesterol embolization are frequent renal hazards within this group (12, 18, 19) . As a result, nearly all patients undergoing aortic surgery have at least biochemical renal dysfunction as demonstrated by albuminuria (20) , and clinically significant AKI occurs in up to 25% (20, 21) . While AKI is well studied in select subgroups, such as after aortic surgery (12, 20, 21) , few reports have evaluated AKI in a broad group of vascular patients (22) . As such, the epidemiology, risk factors, and outcomes that may be important and specific to these patients remain undefined.
Critically ill surgical patients have the highest risk for renal dysfunction (14, 23) . As such, patients requiring surgical intensive care unit (SICU) admission represent an ideal, high-risk population to study AKI. To investigate the incidence, risk factors, and outcomes of AKI among critically ill vascular surgery patients, we performed a subgroup analysis of AKI in vascular surgery patients from a 1-year SICU cohort (1) . We hypothesized that AKI is common within this population, associated with specific global and intraoperative risk factors, and is associated with worse patient outcomes.
MATERIALS AND METHODS
This study of AKI in critically ill vascular surgery patients was a retrospective analysis, and was approved by the University of www.frontiersin.org Maryland, Baltimore Institutional Review Board. As a subgroup analysis of a previously described SICU cohort (1), the purpose of this report was to serve as a distinctly separate focus on AKI among critically ill vascular surgery patients. Briefly, the original cohort of SICU admissions during January-December 2012 was identified from a prospectively maintained Acute Physiology and Chronic Health Evaluation (APACHE) IV database (Cerner, Kansas City) (24, 25) . Clinical data was retrospectively obtained from the database and by chart review, and 1-year post-discharge vital status was determined from the Social Security Death Index (1) . For this study, additional operative, transfusion, and pharmacologic data specific to the vascular surgery patients were abstracted from clinical records.
Vascular surgery patients are admitted to the SICU on an individual basis based on the need for critical care support, frequent monitoring, administration of critical medications, or other intensive care unit level care; there are no protocols or pathways that include routine SICU admission. Institutional practices include routine hydration with balanced crystalloid infusions for patients who receive intravenous contrast and are assessed as being at risk for contrast nephropathy. Intravenous bicarbonate infusions or N -acetylcysteine are used as adjuncts at the discretion of the treating team. In the setting of myoglobinemia, aggressive hydration, diuresis, alkalinization, and potential renal support is performed by the critical care service. Renal replacement therapy is provided either continuously by the critical care service or intermittently by consulting nephrologists.
Baseline renal function was defined as the lowest serum creatinine (milligrams per deciliter) of: within 1 year prior to admission; at hospital or SICU admission; or, for patients without chronic kidney dysfunction, the Modification of Diet in Renal Disease equation solved for creatinine based on a glomerular filtration rate of 75 mL/min/1.73 m 2 (1, 9, 26) . Patients with a single inpatient creatinine value, on chronic dialysis or who had prior AKI, nephrectomy, or organ transplant were excluded. The primary endpoint was inpatient AKI, as diagnosed and classified according to RIFLE creatinine criteria (increase from baseline: risk ≥1.5×, injury ≥2×, and failure ≥3×) (26) . Renal recovery was defined as a sustained decreasing creatinine below a patient's AKI -risk threshold for more than 24 h without renal replacement therapy (1, 26) . Medication use, comorbidities, and the presence of sepsis were defined by clinical documentation and APACHE IV data. Emergency status was defined as a non-elective hospital admission or need for emergency surgical intervention.
The primary analysis was between vascular surgery patients with or without inpatient AKI. To evaluate surgical factors associated with AKI, a secondary analysis comparing vascular patients with or without post-operative AKI was performed. Outcomes included inpatient and 1-year mortality, SICU and hospital lengths of stay, and discharge creatinine. Two-sided Fisher exact or Pearson chi-square tests were used to compare categorical data. Unpaired Student's t -test was used to analyze normally distributed continuous data, which was reported as mean ± standard deviation. Mann-Whitney U test was used to compare non-normally distributed data, which was reported as median and interquartile range. Factors associated with AKI on univariate analysis with a P value <0.10 were further assessed by multivariate logistic regression with correction for age and gender, with results given as odds ratio (OR) and 95% confidence intervals. A P value <0.05 was accepted as statistically significant for all analyses.
RESULTS
There were 136 vascular surgery patients within the SICU cohort, representing 22% of the SICU cohort and 27% of all vascular surgery admissions during the period. Eighty-three (61%) of the patients were male, mean age was 65 ± 15 years, and APACHE III score was 50 ± 20 ( Table 1) , representing significant critical illness severity. Compared to vascular patients not requiring SICU admission, the study group had more acute limb ischemia (14 vs. 7%, P = 0.02), were more likely to receive operative management (91 vs. 74%, P < 0.0001), and underwent more aortic procedures (35 vs. 7%, P < 0.0001).
Acute kidney injury was common, and occurred in 65 (48%) critically ill vascular patients ( Table 2) , a rate similar to other patients in the SICU cohort (231/488, 47%; P = 0.92). Most events (39, 60%) were within the RIFLE -risk category, representing relatively mild renal dysfunction. Of the patients who recovered, approximately one-third developed recurrent kidney injury during their index hospitalization.
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Higher critical illness severity, mechanical ventilation, sepsis, and blood product transfusion were associated with AKI on univariate analysis ( Table 1) . In particular, rates of AKI increased with the total number of transfusions. While 28% of patients who received no transfusions developed AKI, among transfusion quartiles (1-3, 4-7, 8-10, and 11-41 total blood products), rates of AKI were 43, 46, 68, and 74% (P = 0.001). With multivariate analysis, diabetes (OR 1.3, 1.1-1.5), APACHE III score >50 (OR 1.3, 1.1-1.6), and sepsis (OR 1.4, 1.1-1.9) remained independently associated with developing AKI (Table S1 in Supplementary Material). Other characteristics, including age, baseline renal function, non-diabetes comorbidities, need for surgery, and significant myoglobinemia were not associated with renal dysfunction.
Among patients admitted with normal renal function, inpatient administration of an angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker (which was determined by the critical care or vascular surgery team on a per-patient basis) was associated with a lower risk for developing AKI (30 vs. 54%, P = 0.01) on univariate analysis. In particular, while pre-admission treatment was itself not associated with AKI (43 vs. 35%, P = 0.35), among patients treated prior to admission, continued inpatient therapy was associated with a lower rate of renal dysfunction than if the medication was discontinued (33 vs. 69%, P = 0.01). No other potentially modifiable variable was associated with lower rates of AKI.
Rates of AKI were similar regardless of surgical vs. nonoperative management (Table 1) . Similarly, AKI rates were similar among patients who underwent aortic, carotid, peripheral vascular, endovascular, and other procedures (45-52%; not shown). Thirty patients developed renal dysfunction post-operatively at a median of 1 (1-6 days) after surgery ( Table 2) ; these patients represented 46% of patients with AKI and 32% of patients who underwent surgery with normal renal function ( Table 3) . The category of procedure did not contribute to post-operative AKI, nor Patients who developed AKI had significantly higher mortality during their index hospitalization and within 1-year of discharge (relative risk 14 and 2, respectively; Figure 1 and Table 4 ). Despite experiencing relatively mild renal dysfunction, even patients with RIFLE -risk AKI had significantly higher inpatient (18 vs. 1%, P = 0.003) and 1-year (31 vs. 14%, P = 0.04) than patients without AKI. Mortality rates appeared to increase with the severity of renal dysfunction (inpatient: risk 18% vs. failure 42%, P = 0.09; 1-year: inpatient 31 vs. 67%, P = 0.04). Finally, AKI patients had significantly longer SICU and hospital lengths of stay, and worse discharge renal function. As noted in Table 2 , 28% of patients with AKI did not recover to a normal renal function.
DISCUSSION
This is one of the first studies to investigate AKI in a broad, high-risk group of vascular surgery patients. Renal dysfunction is common among vascular patients who require SICU admission, regardless of their primary surgical management, and is associated with significantly higher short-and long-term mortality, greater resource use, and worse discharge renal function. While outcomes are worse with higher AKI grades, even relatively minor renal www.frontiersin.org No AKI, n = 71 AKI, n = 65 P Inpatient mortality, n (%) 1 (1) 13 (20) <0.0001
1-year mortality, n (%) 10 (14) 22 ( dysfunction contributes to worse outcomes, which highlights the importance of optimizing prevention and management of AKI. As such, this study provides important insight into renal dysfunction among vascular surgery patients. Consistent with prior studies of surgical and critically ill patients, diabetes, illness severity, and sepsis are global risk factors for AKI in vascular surgery patients (2-5, 9, 10, 15, 23, 27) . Other comorbidities, such as hypertension, peripheral arterial disease, and major surgery have been associated with greater risk for renal dysfunction (3, 8, 15, 27) . While these may contribute to AKI in vascular surgery patients, within this population, they may be relatively less important given their high prevalence (17) . Both intraoperative and overall blood product transfusions were associated with AKI. While these were not independent factors after multivariate analysis adjusting for potential confounders and may reflect disease severity, there was a clear dose-response relationship between transfusion and AKI. Other studies have implicated transfusion as an independent risk factor for AKI, distant organ dysfunction, and worse patient outcomes (12, 21, (28) (29) (30) (31) (32) . While the mechanism is unclear, blood product storage and administration may result in deleterious inflammatory and immunologic changes that contribute to organ dysfunction (31, 32) .
Interestingly, in this cohort, the type of index procedure was not associated with AKI. Historically, open aortic surgery, particularly supra-renal procedures, has been associated with significant rates of renal dysfunction (20, 21, 33) , particularly relative to other vascular interventions (22) . Additionally, patients presenting with acute limb ischemia are at higher risk for AKI (22) , likely due to the effects of rhabdomyolysis and ischemia-reperfusion injury (34) . However, our data suggest that within this population of critically ill patients, comorbidities, intraoperative events, and postoperative factors define patterns of AKI. Although not defined in detail, the factors contributing to SICU admission and critical illness severity also likely contribute. Potentially, risk may be defined by perioperative stratification to optimize patient selection and management, and identify opportunities to modify selected risk factors.
By preventing the physiologic renal arteriolar constriction needed to maintain glomerular perfusion pressure, angiotensinconverting enzyme inhibitor and angiotensin II receptor blockers may contribute to acute renal dysfunction. However, inpatient treatment with an angiotensin II pathway antagonist was associated with a protective effect in this study. While there are mixed results of these agents on post-operative AKI in patients with cardiovascular risk factors (35, 36) , they have an established protective effect in patients at risk for chronic renal disease (37, 38) and may have a role in preventing contrast nephropathy (39) . Our data suggest a beneficial effect among vascular surgery patients, particularly those already taking an angiotensin II pathway antagonist. As such, further investigation of the role of these agents in modulating or protecting against acute renal function is required.
Open aortic surgery is traditionally associated with increased risk for post-operative renal dysfunction, and these patients are frequently exposed to intraoperative blood loss, hypotension, and transfusions (20) (21) (22) 33) . However, in this group of critically ill vascular surgery patients, global and post-operative AKI rates were similar regardless of the classification of the type of procedure. This may represent selection bias since our institutional practice includes routine SICU admission after aortic surgery, but even patients undergoing lower-risk procedures clearly have high rates of AKI if they become critically ill. As such, while specific operative factors affect AKI rates among patients undergoing aortic surgery (20) (21) (22) 33) , perioperative management may be just as critical for vascular surgery patients as a population.
Acute kidney injury in critically ill vascular surgery patients was associated with significantly worse mortality and other outcomes, as demonstrated in similar studies (9, 12, 20, 30) . While AKI may be a marker of worse illness severity, it can contribute directly to multi-organ dysfunction and mortality by enhancing systemic inflammation and contributing to distant organ injury (7, 40) . Supporting the clinical significance of relatively minor creatinine changes (13) (14) (15) , even patients with RIFLE -risk AKI had significantly increased mortality. AKI of any severity should be recognized and managed as a high-risk complication. Among vascular surgery patients, prevention and treatment may include ensuring optimal resuscitation, limiting contrast exposure, aggressively treating sepsis, and avoiding unnecessary blood product transfusions.
The retrospective design of this study limited the ability to fully account for potential confounders of important risk factors such as patient selection, inpatient medical therapies, transfusions, and procedural details. The use of RIFLE creatinine thresholds alone to define and stage AKI may have missed events meeting urine output criteria for renal dysfunction. Similarly, although critically ill patients have the greatest risk for AKI, by only analyzing vascular patients requiring SICU admission, we may have missed a major disease burden among those not admitted to the SICU. Certain practices which may mitigate AKI, such as intravenous hydration to prevent contrast nephropathy, were not assessed in this study. While the sample represented a range of vascular pathology and procedures, features potentially unique to our patients and practice may limit the generalizability of these findings. Despite these limitations, incidence and impact of AKI among vascular surgery patients is clear, and should warrant a prospective, multicenter study to better define modifiable opportunities for prevention and treatment.
CONCLUSION
Acute kidney injury is common and clinically significant complication in vascular surgery patients who require SICU admission, regardless of the primary surgical management. Patients who develop renal dysfunction have significantly greater mortality, even with relatively minor AKI. While traditional risk factors for AKI are common among these patients, diabetes is independently associated with higher rates of renal dysfunction. Intraoperative blood loss and hypotension, transfusions, critical illness severity, and sepsis are important and potentially modifiable risk factors.
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